Breast cancer is a major health problem in the US and worldwide. Although significant progresses have been made in primary breast cancer treatment, long-term survival and breast cancer-related mortality remain poor due to late cancer recurrence and metastasis ([@bib35]). Accordingly, more than a third of the patients will suffer recurrence at various time points post primary treatment with the majority of the late recurrences are metastatic outgrowths ([@bib24]; [@bib22]).

Late recurrences are due to dormant cancer cells that remain asymptomatic and undetectable following dissemination. These dormant micrometastases are particularly difficult to treat since these cells are most likely in a state of non- or intermittent proliferation ([@bib39]), thus rendering them insensitive to chemotherapy. Breast cancer cells mainly metastasize to the liver, lung, bone and brain. Patients with liver metastases typically show poorer prognosis when compared with bone and lung metastases ([@bib37]). Experimentally, we have previously reported that normal liver cells can impose a reversion of the cancer-related epithelial--mesenchymal transition (EMT) back to epithelial phenotype ([@bib5]). E-cadherin re-expression results in smaller tumour nodules and resistance against chemotherapy-induced apoptosis *ex vivo* ([@bib4]) and *in vivo* ([@bib27]). These results suggest that cancer cells may undergo dormancy in the liver. Preventing tumour outgrowth could be a viable alternative approach to shift metastatic cancer from a largely fatal disease to a chronic disease. Thus, the signals or events that drive emergence from dormancy are keys to lengthening survival.

Earlier studies show that thrombospondin 1 and tissue factor can induce tumour cells to undergo dormancy whereas transforming growth factor β1, periostin and the interaction between urokinase plasminogen activator receptor and α5β1 integrin can promote tumour outgrowth ([@bib1]; [@bib17]; [@bib30]). Although these studies have shed some light on the mechanistic understandings of tumour emergence, the lack of suitable experimental model impedes research on tumour dormancy in the liver. In an all-human *ex vivo* 3D liver microphysiological system (MPS), we demonstrated spontaneous dormancy in a subpopulation (∼35%) of the cells ([@bib40]; [@bib6]). However, the signals that drive tumour emergence from dormancy in the liver are still unclear though there are indications that inflammation is contributory ([@bib6]).

Liver microenvironment consists of several different types of cells. Both hepatic parenchyma, hepatocytes, and hepatic non-parenchymal cells (NPCs) such as liver sinusoidal endothelial cells (LSECs), Kupffer cells and hepatic stellate cells (HSCs) play pivotal roles in liver physiology and pathology. Our previous work showed that co-culture with human primary NPC promoted the growth of breast cancer cells when compared to co-culture with hepatocytes alone ([@bib38]). We further showed that stressed LSECs promoted tumour growth through epidermal growth factor receptor activation ([@bib38]), consistent with the finding of outgrowth of small metastases at the tips of angiogenic sprouts ([@bib17]). Kupffer cells, the liver resident macrophages, displayed phenotype plasticity where the alternative M2 phenotype significantly augmented tumour growth ([@bib42]). Herein, we queried the role of human HSC in tumour growth and emergence in human 3D liver MPS.

HSCs are stromal cells that uptake and store vitamin A in their non-activated state in normal livers ([@bib15]). Upon liver injury or infection, the HSCs transdifferentiate into myofibroblast, actively secrete collagen matrix and secrete a plethora of chemokines/cytokines, thus linking injury to fibrosis and chronic inflammation that create a suitable setting for cancer outgrowth. Recent findings suggested that the HSCs are the major inflammatory regulators in the sinusoids ([@bib16]). We posited that these inflammatory cascades can lead to tumour escape from dormancy in the liver.

Here, we first observed that the activated HSCs elevated breast cancer cell growth and proliferation *in vitro*. We also found that activated primary human NPC and activated HSCs secreted high level of pro-inflammatory factors including interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1). *In vitro*, IL-8 significantly enhanced MDA-MB231 survival under serum starvation, potentially via ERK activation. Importantly, we also showed that IL-8 could mediate tumour emergence from dormancy in the 3D liver MPS.

Materials and methods
=====================

Cell culture
------------

RFP-labelled MDA-MB231 and MCF7 cells were maintained in RPMI-1640 Glutamax (Gibco) supplemented with 10% FBS, 1 × penicillin/streptomycin (Gibco) and puromycin (5 *μ*g for MDA-MB231 and 1 *μ*g for MCF7). Human mammary epithelial cells (HMEC-1) were cultured in mammary epithelial growth medium (Lonza). Human HSC lines (LX-1 and LX-2) and rat HSC line (HSC-T6), gifts from Dr Scott Friedman (Icahn School of Medicine at Mount Sinai, NY, USA), were cultured in 4.5 g l^−1^ of glucose DMEM without sodium pyruvate (Lonza) supplemented with 10% FBS (2% FBS for LX-2) and 1 × penicillin/streptomycin. TWNT-1 (human HSC line) and TMNK-1 (human endothelial cell line) cells, gifts from Dr Alex Soto-Gutierrez (University of Pittsburgh, PA, USA), were cultured in 4.5 g l^−1^ of glucose DMEM with [L]{.smallcaps}-glutamine and sodium pyruvate (Corning) supplemented with 10% FBS and 1 × penicillin/streptomycin.

Co-culture experiments
----------------------

LX-1 and LX-2 monolayers were seeded in complete DMEM+10% FBS medium. The next day, HMEC-1 cells were labelled with 10 *μ*[M]{.smallcaps} CMTPX CellTracker (Molecular Probes) for 45 min prior to co-culture with LX-1 or LX-2 cells. RFP-labelled cancer cells or CMTPX-labelled normal cells were seeded onto HSC monolayer in serum-free hepatocyte maintenance medium (HMM) for LX-1 co-culture or in DMEM+0.2% dialysed FBS for LX-2 co-culture. The samples were imaged for RFP signals 4--6 h post-seeding (day 0). On day 2, the media were exchanged and 20 *μ*[M]{.smallcaps} of EdU (Invitrogen) were added. On day 4, the samples were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) and imaged for RFP signals at the same fields of day 0. RFP percent (RFP%) area was quantified using ImageJ and normalised to day 0 for growth fold-change. EdU staining was performed according to the manufacturer\'s protocol. Samples were imaged for RFP, EdU-Alexa Fluor 488 (Invitrogen) and DAPI (as a counterstain) from at least three random fields of view. The number of EdU-positive cells was counted using ImageJ and plotted as a percentage to the total RFP/CMTPX-positive cells counted.

Transwell assay and CXCR2 neutralisation
----------------------------------------

LX-1 cells were seeded in transwell inserts and cultured overnight. RFP-labelled cancer cells were seeded in 24-well plates and cultured with LX-1 transwell insert in HMM. CXCR2 (1 *μ*g ml^−1^) (R&D) was added into additional transwell samples for CXCR2 neutralisation. RFP% area and EdU incorporation were imaged and analysed as previously described.

Cell culture on polyacrylamide gels
-----------------------------------

Polyacrylamide gels were prepared according to a published protocol ([@bib11]). Briefly, top glass coverslips and bottom glass coverslips were sterilised with boiling ethanol for 10 min. The bottom coverslips were rinsed in distilled water, ethanol, chloroform and silanised with chloroform +0.1% triethylamine (Sigma) and 0.1% allyltrichlorosilane (Sigma) for 30 min at room temperature. The coverslips were then rinsed in chloroform, ethanol, distilled water, and air-dried for storage in a desiccator. Polyacrylamide solution (0.3 kPa) was prepared with 2.6% acrylamide (Bio-Rad) and 0.07% bis-acrylamide (Sigma) whereas 40 kPa solution was prepared with 10% acrylamide and 0.3% bis-acrylamide in distilled water. 0.1% ammonium persulfate (Sigma) and 0.1% tetramethylethylenediamine (Sigma) were added to the solutions to initiate polymerisation. PA solution was sandwiched in between top and silanised bottom coverslips and incubated at room temperature for 30 min for polymerisation. Sandwiched PA gels were rinsed with phosphate-buffered solution (PBS) and stored at 4 °C in distilled water. To prepare the gels for cell culture, the top coverslip was removed and the gels were rinsed with PBS and distilled water. Sulfo-SANPAH (5 mg ml^−1^) (Thermo Fisher) was prepared in 50 m[M]{.smallcaps} HEPES pH 8 and pipetted onto the gels. The cross-linker was activated with 365 nm ultra-violet light for 10 min twice. The activated PA gels were rinsed with PBS and distilled water and coated with 30 *μ*g ml^−1^ laminin (Corning) for overnight at 4 °C. The coated gels were rinsed twice with sterile PBS and sterilised with UV light in the culture hood for at least 2 h. LX-2 cells were cultured on the gels in complete medium and immunostained for α-SMA, F-actin and Lamin A/C level. Cell area was quantified based on F-actin staining using ImageJ and lamin A/C intensity was quantified with ImageJ using a published protocol ([@bib31]). To assess the induction of cell proliferation, the cells were seeded in DMEM+0.2% dialysed FBS. The conditioned media were harvested after 24 h and applied to MCF7 and MDA-MB231 culture to determine the level of EdU incorporation as previously described.

Protein array
-------------

LX-1, LX-2, MCF7 and MDA-MB231 cells were seeded and cultured for overnight. The cells were washed and changed the media to HMM. After 24 h, the supernatants were collected and the number of cells was counted. LX-2 cells on PA gels were transferred to new wells containing DMEM+0.2% dialysed FBS and supernatants were collected after 6--8 h. Protein array staining and analyses were performed according to the manufacturer's protocol (RayBiotech Human Cytokine Array C5). The intensity of selected spots was quantified using ImageJ.

*Ex vivo* human 3D Liver MPS (LiverChip)
----------------------------------------

3D liver MPS was assembled according to the manufacturer's recommendation (CN Bio Innovations Ltd, Oxford, UK). 6 × 10^5^ cells of primary human hepatocytes were seeded in each scaffold in William's E medium (Gibco) supplemented with the Hepatocytes Thawing and Plating Supplement Pack (Life Technologies). The medium was changed to in-house physiologic medium on the next day and after every 48 h. The supernatants were collected and stored at −80 °C for downstream assays. 1 × 10^3^ RFP-labelled MDA-MB231 cancer cells were introduced into the MPS on day 3 and treated with 1 *μ*[M]{.smallcaps} doxorubicin for 72 h on day 7. The resulting dormant cancer cells were then stimulated with 20 n[M]{.smallcaps} mouse epidermal growth factor (EGF) (Sigma) and 1 *μ*g ml^−1^ lipopolysaccharides (Sigma) as the positive control or 250 ng ml^−1^ of IL-8 (R&D Systems). EdU (10 *μ*[M)]{.smallcaps} (Life Technologies) was added to the physiologic medium for 96 h. Finally, the scaffolds were fixed with 2% paraformaldehyde and stained for EdU according to the manufacturer's protocol. RFP% area for the whole scaffolds were imaged with wide-field × 2 objective lens and confocal microscopy was performed to image for EdU incorporation. For Luminex assay, isolated human NPC fraction was further purified using 25%:50% Percoll-gradient centrifugation method. Human primary hepatocytes were cultured±equal number of primary NPC in supplemented William's E medium. Media were changed to fresh William's E medium on day 3 and every 48 h thereafter. Supernatants were collected for Luminex analyses. The experimental workflow ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) and complete materials and methods are available in the [supplementary information](#sup1){ref-type="supplementary-material"}.

Statistical analysis
--------------------

Two-tailed, unequal variance student's *t*-test was used to determine statistical significance between two groups. Kruskal--Wallis one-way ANOVA and multiple comparison Dunn's tests were used to compare the mean for three or more groups. Resulting *P*-values were denoted as follows: \<0.05\*, \<0.01\*\*, \<0.001\*\*\*. Graphs and statistical analyses were generated using GraphPad Prism (La Jolla, CA, USA).

Results
=======

Activated stellate cells promote growth of breast cancer cells but not normal breast cells
------------------------------------------------------------------------------------------

Previously, our lab showed that co-culture with primary human liver NPC promoted breast cancer cells outgrowth ([@bib38]). Here, we investigated whether the HSCs, another component of the NPC, could promote breast cancer growth independently. We found that MCF7 and MDA-MB231 growth were impeded in the minimal HMM, medium used for liver cultures, but the growth of breast cancer cell increased by 3--6-fold when co-cultured with LX-1 cells ([Figure 1A](#fig1){ref-type="fig"}). The co-cultured samples also showed 1.5--3-fold higher percentages of EdU-positive cells when compared to HMM negative control ([Figure 1B](#fig1){ref-type="fig"}). This growth induction, however, was not observed in normal HMEC-1 breast cells, as the cells did not grow and proliferate in LX-1 co-culture ([Figure 1A and B](#fig1){ref-type="fig"}). The HSCs were not profoundly affected in the serum-free culture condition as some of the cells were still undergoing cell cycling as indicated by non-RFP EdU-positive cells after 4 days of culture ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Some of the proliferating cancer cells in the LX-1 co-culture samples appeared to be contact-independent (white arrows in [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}) suggesting the involvement of soluble factors. Using a transwell assay, we verified that LX-1-derived soluble factors could indeed promote the growth of MCF7 and MDA-MB231 by 3.8-fold and 1.9-fold when compared to the negative controls ([Figure 1C](#fig1){ref-type="fig"}). LX-1 soluble factors also imparted significant proliferation advantage to the cancer cells with 1.7- and 2.8-fold increase in the percentage of EdU positive in MCF7 and MDA-MB231 cells ([Figure 1D](#fig1){ref-type="fig"}).

Activated stellate cells induced higher proliferative fraction than non-activated stellate cells
------------------------------------------------------------------------------------------------

HSCs cultured on stiff surfaces are in the activated state, marked by the expression of *α*-SMA fibres and pro-collagen 1 and HSP47 gene expression ([Supplementary Figures 3 and 4](#sup1){ref-type="supplementary-material"}). HSCs cultured on soft gels (0.3 kPa) have been reported to revert back to a less or non-activated state ([@bib3]). We queried whether cell activation affects tumour cells outgrowth. We utilised LX-2 cells as LX-1 cells adhere poorly to the gels in this media (data not shown). LX-2 cells were derived from an LX-1 clone that can stably grow in low serum medium ([@bib41]). In co-culture setting, LX-2 imparted significant growth and proliferative advantage to the cancer cells only, but not to the normal HMEC-1 cells, in DMEM+0.2% dialysed FBS ([Figure 2A and B](#fig2){ref-type="fig"}) similar to the effects observed in LX-1 co-culture. LX-2 cells cultured on 0.3 kPa PA gels showed reduced lamin A/C expression indicating that the cells were mechanosensitive to the surface stiffness and LX-2 reversion to a less-activated state was verified by reduced cell area and lacked of and disorganised *α*-SMA fibres when compared to 40 kPa gels culture ([Figure 2C and D](#fig2){ref-type="fig"}).

When conditioned medium (CM) from LX-2 cells cultured on 0.3 kPa and 40 kPa gels were used to culture MCF7 and MDA-MB231 cells, lower EdU incorporation percentage was observed in cells cultured in 0.3 kPa-CM for both MCF7 and MDA-MB231 cells ([Figure 2E](#fig2){ref-type="fig"}). Thus, our results indicated that activated HSCs secrete soluble factors to induce higher cancer proliferation.

Non-parenchymal cells and hepatic stellate cells secreted high level of IL-8 and MCP-1
--------------------------------------------------------------------------------------

Next, we utilised protein array and Luminex assays to determine the chemokines/growth factors secreted by the activated HSCs and primary human NPC. Protein array analyses revealed high level of IL-8, IL-6, GRO-βγ and MCP-1 secretion by the LX-1 cells *in vitro*. MDA-MB231 cells secreted GROs and IL-8 but at lower level when normalised to the loading positive controls and cell number ([Figure 3A and B](#fig3){ref-type="fig"}). (The map for the whole array is available in the [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}.) Less activated LX-2 cells, cultured on 0.3 kPa PA gels, secreted lower levels of these pro-inflammatory cytokines especially IL-8 ([Figure 3C](#fig3){ref-type="fig"}). Interestingly, primary human NPC, cultured on stiff scaffolds in 3D liver MPS, secreted higher level of IL-8, MCP-1, IL-6 and IP-10 when compared to primary hepatocytes alone ([Figure 3D](#fig3){ref-type="fig"}). Based on these results, we postulated that inflammatory chemokines, namely IL-8 and MCP-1, could be responsible for HSC-induced cancer growth.

IL-8 but not MCP-1 directly promoted MDA-MB231 survival *in vitro*
------------------------------------------------------------------

Next, we tested whether these chemokines could directly affect cancer cell growth *in vitro*. In serum-free medium (SFM), MCF7 cells did not respond to IL-8 although the EGF-treated positive control showed significant growth induction ([Figure 4A](#fig4){ref-type="fig"}).

In MDA-MB231 cells, EGF treatment did not promote cell growth but significantly alleviated serum-deprived growth arrest ([Figure 4B](#fig4){ref-type="fig"}). Likewise, the addition of IL-8 in SFM significantly sustained MDA-MB231 cell when compared to the negative control ([Figure 4B](#fig4){ref-type="fig"}). MCP-1 did not affect the growth of both MCF7 and MDA-MB231 ([Figure 4A and B](#fig4){ref-type="fig"}), suggesting that its effects, if any, would be indirect to the cancer cells.

To verify the effects of IL-8 in promoting cancer cell growth and survival *in vitro*, cancer cells cultured with LX-1-transwell insert were treated with CXCR2 neutralising antibody. Similar with our previous results, LX-1 transwell insert augmented cancer growth by 2--3 folds ([Figure 4C and D](#fig4){ref-type="fig"}). Blocking CXCR2 did not affect MCF7 growth and proliferation ([Figure 4C](#fig4){ref-type="fig"}) but significantly decreased LX-1-induced MDA-MB231 cancer growth and proliferation ([Figure 4D](#fig4){ref-type="fig"}).

IL-8 stimulated dormant MDA-MB231 growth in 3D liver MPS
--------------------------------------------------------

Next, we examined the effects of IL-8 on dormant tumour cells in the 3D liver MPS, a near physiological situation that can determine the effects of isolated stimuli ([@bib40]). LPS+EGF treatment, serving as the positive control, induced dormant cells to significantly grow and proliferate ([Figure 5B and C](#fig5){ref-type="fig"}). Addition of 0.25 *μ*g ml^−1^ of IL-8 into the physiologic medium also induced tumour cell escape from dormancy as indicated by two-fold increase in RFP% area and promoted EdU incorporation in about 50% of the cells, similar to the level seen in the positive control ([Figure 5B and C](#fig5){ref-type="fig"}). There were also some EdU-positive cells in the doxorubicin-only negative control but most of these cells were on the stiff polystyrene bridges between the pores of the scaffold, an area that does not allow for dormancy as previously observed ([@bib6]). IL-8 induced cancer cell proliferation even within the soft liver tissue (green arrow heads in [Figure 5A](#fig5){ref-type="fig"}, right panel). Prolonged cell culture and treatments with cytokine, growth factors, low dose doxorubicin or LPS did not adversely affect the health and functions of the hepatic tissues as the injury markers, AST and ALT, remained at low levels throughout the whole experiment and the cells maintained blood urea nitrogen production and CYP enzymes metabolic activities ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

IL-8 induced ERK phosphorylation in MDA-MB231 cells to alleviate growth suppression
-----------------------------------------------------------------------------------

Previously, it was reported that a high ERK/P38 ratio indicated tumour outgrowth whereas low ERK/P38 ratio corresponded to growth arrest in several tumour cell lines ([@bib1]). We verified that, in MDA-MB231 cells, IL-8 treatment significantly increased the level of phosphorylated ERK when compared to the negative control, SFM, and the addition of SCH772984, an ERK-specific inhibitor, blocked IL-8 induced ERK phosphorylation ([Figure 6B](#fig6){ref-type="fig"}, middle and right panels). Augmented ERK phosphorylation correlated with a significant increase in cancer cell survival when IL-8 was added into SFM which was reversed with SCH772984 treatment ([Figure 6B](#fig6){ref-type="fig"}, left panel). Chemokine and inhibitor treatments did not affect ERK phosphorylation and cancer growth in MCF7 ([Figure 6A](#fig6){ref-type="fig"}). This suggests that inherent E-cadherin signalling in the MCF7 confers much of the ERK signalling ([@bib27]). (The immunoblot results for all of the experimental replicates are available in [Supplementary Figure 7](#sup1){ref-type="supplementary-material"}.)

Discussion
==========

The factors that drive cancer to re-emerge after long latency periods are still unclear. We hypothesised that liver inflammation stimulates or activates the liver NPCs to secrete pro-inflammatory signals to drive metastatic outgrowth. Here, we found that activated human stellate cells could indeed drive breast cancer cell growth and proliferation by secreting various tumour-promoting soluble factors and we verified that IL-8, one of the most highly secreted cytokines, can directly promote tumour growth *in vitro* and *ex vivo*.

IL-8 is a well-known chemokine that mediates cell motility, invasion and metastasis by inducing cancer cells to undergo EMT ([@bib13]). However, the role of IL-8 in cancer cell proliferation remains controversial. Several studies reported that IL-8 could not induce cell proliferation *in vitro* ([@bib14]; [@bib43]) and repressed *in vivo* cancer growth by promoting neutrophil recruitment ([@bib19]; [@bib23]). However, it was also reported that IL-8 increased cyclin D1 expression as well as PI3K/Akt/mTOR activation in DU145 and PC3 prostate cancer cells, and blocking IL-8 expression abrogated prostate cancer cell proliferation ([@bib29]). Moreover, IL-8 significantly promoted the proliferation of NSCLC ([@bib26]) and colon cancer cell ([@bib25]) *in vitro* and *in vivo.* As we found that IL-8 is significantly increased by stressed HSCs and stimulated liver NPCs, we queried whether IL-8 could sufficiently induce cell proliferation to facilitate tumour escape from dormancy. In line with previously published results, we found that IL-8 treatment did not confer significant growth advantage to the cancer cells but could merely maintain MDA-MB231 cell survival in serum-free condition *in vitro*. However, IL-8 imparted a significant increment in cancer cell growth and proliferation in the 3D liver MPS, in a microenvironment that is richer in signals than the 2D co-culture. Blocking CXCR2, a receptor for both IL-8 and GRO, substantially reduced cytokine-induced proliferation.

These findings are clinically relevant as prognostic analyses using publicly available data reveals shorter metastasis-free survival in breast cancer patients with high IL-8 gene expression in six out eight patient cohorts ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}) ([@bib18]). Additionally, elevated IL-8 serum level correlated significantly with advance disease stage and metastasis ([@bib2]; [@bib10]; [@bib28]). Several antibodies targeting IL-8 or CXCR1/2 are currently undergoing clinical trials for breast cancer treatments ([@bib7],[@bib8]). Hence, IL-8/CXCR2 could be a relevant target for metastasis prevention and may be crucial in driving tumour outgrowth from dormancy. Furthermore, these findings support the use of the 3D liver MPS in deriving candidate markers or targets.

It is important to note that other chemokines and cytokines also contribute either directly or indirectly to cancer cell growth since neutralisation of CXCR2 did not fully abrogate cancer growth in the transwell assays. These factors could create feedback loops to increase the secretion of other inflammatory cytokines and growth factors by other cells in the liver. MCP-1/CCL2, unlike IL-8, was highly and exclusively secreted by the liver NPCs but did not induce significant cancer growth. It was previously reported that breast cancer cells and tissues expressed high levels of both MCP-1 and its receptor CCR2 which conferred survival, but not proliferative, advantage to the breast cancer cells ([@bib12]). MCP-1 may indirectly affect tumour outgrowth by recruiting inflammatory monocytes and facilitating efficient tumour cell extravasation for metastatic seeding ([@bib32]) or inducing monocyte polarisation into the alternative, pro-tumour M2 phenotype ([@bib33]). Linking this with our finding of M2-like macrophages driving a mesenchymal reversion ([@bib42]) would provide an indirect mechanism for promoting emergence. IL-6 is another pro-inflammatory cytokine secreted by both primary human NPCs and LX-1 cells and has been shown to induce MCF7 growth and spheroid formation ([@bib34]). Another candidate could be TGF*β*, a potent inducer of HSC activation and IL-8 secretion. Interestingly, we observed a slight induction of TGF*β*2 secretion by the LX-2 cells cultured on the stiff 40 kPa gels when compared to soft 0.3 kPa gels ([Figure 3C](#fig3){ref-type="fig"}).

In this study, we strove to closely recapitulate human physiology. However, the isolation of HSCs from primary human NPC fraction proved to be quite challenging due to limited availability of the cells and viability during isolation. We therefore opted to use human HSC lines. The human LX-1 and LX-2 HSC lines were established in the laboratory of Dr Scott Friedman at Icahn School of Medicine at Mount Sinai, NY, USA ([@bib41]). We validated that both cell lines expressed HSC markers such as *α*-SMA and GFAP but not endothelial cell markers CD31 or vWF ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). The cells also secreted TIMP-1 and TIMP-2 as shown in the protein array ([Figure 3A and C](#fig3){ref-type="fig"}). Finally, the cells showed typical HSC response to TGF-β1 by increasing pro-collagen 1 and HSP47 gene expression ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). The key effect of HSC on cancer cell growth was validated with TWNT-1 and HSC-T6 cell lines where cancer cell growth induction was found to be significantly augmented and was comparable to TMNK-1 endothelial cell-induced outgrowth as published previously ([@bib38]) ([Supplementary Figure 9](#sup1){ref-type="supplementary-material"}).

There are several results and experimental settings that require further discussion. First of all, although mesenchymal-like MDA-MB231 cells, derived from triple negative breast cancer (TNBC), are the more aggressive cancer cells than the epithelial-like MCF7 cells, our co-culture and transwell assays using HMM showed higher fold-change in MCF7 growth when compared to MDA-MB231. We observed that the MDA-MB231 cells are highly dependent on serum supplement as evident by higher uncorrected RFP% area in the RPMI+10% FBS-positive controls (4--7%) when compared to MCF7-positive controls (∼2%). The negative effect of serum-free media could be rescued by co-culturing the cancer cells with HSCs or by treating the cancer cells with IL-8. Second, we observed weaker growth in the transwell assays when compared to co-culture experiments. This is likely due to dilutional effects where higher medium volume is required for the transwell assay and HSC growth area in the transwell insert (0.33 cm^2^) is five times less than 24-well plate (1.88 cm^2^). Third, less prominent effects were observed in IL-8 treatment on MCF7. This is due to lower level of CXCR2 expression in MCF7 cells when compared to MDA-MB231 cells. CXCR1 is not expressed by both cell types (our unpublished data) ([@bib14]). Fourth, the cytokine array indicated that MDA-MD231 cells also secreted IL-8. However, the secretion was lower than LX-1 cells when normalised to their respective cell numbers. It must be noted that these studies were performed under conditions wherein the single cancer cells were initially \<1% of the total cells in the 3D liver MPS. Similar, in tumour dormancy setting, in which we use doxorubicin to remove cycling cells as the dormant cells are insensitive to the treatment, the cancer cells are relatively scant in number. Therefore, we presume that the surrounding stromal cells were the major contributor of IL-8 or other factors. Lastly, only MDA-MB231 cells were used in the 3D liver MPS to match *in vivo* and clinical observations where TNBCs show a higher propensity to metastasise to the liver ([@bib44]) and unlike MCF-7, MDA-MB231 cells could spontaneously metastasize to various organs *in vivo* ([@bib20]).

HSCs are one of the main components of the liver NPC. The roles and mechanisms for HSC-induced tumour growth in mouse models have been reported ([@bib9]; [@bib45]). However, since there are various processes and complex interactions between HSCs and their microenvironment, it is difficult to pinpoint the specific effects of HSC activation in driving tumour growth. Thus, in order to directly compare tumour growth induction by quiescent and activated HSCs, we cultured LX-2 cells on 0.3 kPa PA gel to model physiologic liver stiffness and 40 kPa PA gel to model diseased liver. Here, the LX-2 cells reverted to a less activated state *in vitro* as marked by reduced expression of nuclear lamin A/C and lack of *α*-SMA fibres on soft PA gels, similar with published observation ([@bib36]; [@bib3]) and resulted in reduced cancer proliferation induction. The percentages of EdU incorporation for these experiments were higher than other results due to shorter experimental period but a significant difference in proliferation induction was still observed. The fold-change of cytokine secretion in cells cultured on stiff gels, though marginal, is replicable and statistically significant. Similar results were also reported where pro-inflammatory cytokines were slightly upregulated in activated primary rat HSCs when compared to quiescent HSCs ([@bib21]). Persistence of upregulation of pro-inflammatory cytokines may exert more profound effects in patients over months as the dormant cancers cells are constantly being exposed to elevated chemokines level for a longer period instead of just for 4--6 experimental days.

In summary, we showed here that human HSCs and their derived IL-8 could induce breast cancer growth and proliferation. As this factor is expressed upon stressors activating the HSCs, this could link systemic inflammation to breast cancer emergence and outgrowth. Furthermore, we found that IL-8 prolonged *in vitro* cell survival under serum-starved condition and potentiated cancer growth and proliferation in the 3D liver MPS tumour dormancy model through ERK activation. This aspect of survival could also explain the generalised chemoresistance of metastases. This study suggests that preventing liver inflammation or specifically inhibiting key inflammation inducers might be beneficial to prevent delayed tumour recurrence or to re-establish chemo-responsiveness.
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![**LX-1 promotes breast cancer cell growth and proliferation *in vitro.*** Serum-free HMM and complete media (RPMI 10%FBS or MEGM) serve as the negative and positive controls, respectively. Average RFP% area fold-change (**A**) and average EdU incorporation percentage (**B**) with standard deviation (SD) of normal breast HMEC-1, MCF7 and MDA-MB231 cells in LX-1 co-culture (*n*=3). Average RFP% area fold change (**C**) and average EdU incorporation percentage (**D**) with SD of MCF7 and MDA-MB231 in LX-1 transwell separate culture. *n*=4 for MCF7 and *n*=3 for MDA-MB231. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](bjc2017414f1){#fig1}

![**Activated stellate cells trigger higher proliferative induction than less-activated stellate cells.** DMEM+0.2% dialysed FBS and RPMI+10% FBS serve as the negative and positive controls, respectively. Average RFP% area fold change (**A**) and average EdU incorporation percentage (**B**) with SD of HMEC-1, MCF7 and MDA-MB231 cells in LX-2 co-culture (*n*=3). (**C**) Representative images of LX-2 lamin A/C immunofluorescence and average lamin A/C intensity with SD (*n*=4). Scale bar=50 *μ*m. (**D**) Representative images of LX-2 αSMA immunofluorescence and average cell area with SD (*n*=3). Scale bar=100 *μ*m. (**E**) Average EdU incorporation percentage in MCF7 and MDA-MB231 cultured with 100% conditioned-media (CM) from 0.3 kPa and 40 kPa LX-2 cultures for 48 h (*n*=3). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](bjc2017414f2){#fig2}

![**Activated HSCs and primary liver NPCs secrete high level of IL-8 and MCP-1.** (**A**) Representative images of protein array analysis on cells cultured in HMM and (**B**) average density of selected cytokines corrected to reference positive controls and normalised to cell number with SD (*n*=2). (**C**) Representative images of secretome analysis of LX-2 cells cultured on 0.3 kPa and 40 kPa PA gels in DMEM+0.2% dialyzed FBS and average spot density of selected cytokines normalised to cell number with SD (*n*=4). (**D**) Average mean fluorescence intensity (MFI) of chemokines/cytokines with standard error of the mean measured using Luminex assay on supernatants from primary human hepatocytes±NPC cultured in 3D Liver MPS in serum-free William's E medium (*n*=2 donors). \**P*\<0.05.](bjc2017414f3){#fig3}

![**IL-8, but not MCP-1, alleviated serum starvation-induced growth arrest in MDA-MB231 cells *in vitro*.** Serum-free medium (SFM) and SFM+20 n[M]{.smallcaps} epidermal growth factor (EGF) serve as the negative and positive controls, respectively. Average RFP% growth fold-change with SD of MCF7 (**A**) and MDA-MB231 cells (**B**) in SFM with chemokine treatment at the indicated concentration (*n*=4). Average RFP% fold-change and average EdU incorporation percentage with SD of MCF7 cells (**C**) and MDA-MB231 (**D**) cultured with LX-1-transwell insert±1 *μ*g ml^−1^ CXCR2 antibody (*n*=3). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](bjc2017414f4){#fig4}

![**IL-8 drives cancer cell emergence from dormancy in 3D Liver MPS.** (**A**) Representative images of scaffolds with doxorubicin followed by LPS+EGF treatments (positive control), doxorubicin only (negative control) and doxorubicin followed by 0.25 *μ*g ml^−1^ IL-8 treatment. Green arrow heads point to proliferating RFP-labelled cancer cells in the soft liver tissues. Scale bar=200 *μ*m. Average RFP% area (**B**) and average EdU positive percentage (**C**) with SD (*n*=3). \**P*\<0.05.](bjc2017414f5){#fig5}

![**IL-8 induces ERK phosphorylation.** Serum-free RPMI medium (SFM) and SFM+EGF/RPMI+10% FBS serve as the negative and positive controls, respectively. Average RFP% growth fold-change (left panel), immunoblot for phospho-ERK (pERK), total ERK (tERK) and tubulin (middle panel) and pERK density quantification (right panel) of MCF7 (**A**) and MDA-MB231 (**B**) cells following 4 days of IL-8 treatments with SD (*n*=3, *n*=4 for MCF7 immunoblot). Treatments: 1 *μ*g ml^−1^ IL-8 for MCF7, 0.25 *μ*g ml^−1^ IL-8 for MDA-MB231, 20 n[M]{.smallcaps} EGF and 0.5 *μ*[M]{.smallcaps} SCH772984. \**P*\<0.05, \*\**P*\<0.01.](bjc2017414f6){#fig6}
